Introduction
Two experimental and theoretical literatures currently dominate in ideas on what the hippocampus does ( Figure 1 ). One literature began with the characterization of amnesia following hippocampal damage in humans and has shown that the hippocampus plays a selective and critical role in declarative memory, our ability to remember everyday facts and events (Cohen and Squire, 1980) . The other literature began with the discovery of ''place cells,'' hippocampal principal neurons that fire when a rat is in a particular location in its environment, as well as findings that hippocampal damage causes profound deficits in some types of spatial memory in rodents, leading to the view that the hippocampus is specialized for mapping space (O'Keefe and Nadel, 1978) . Studies on declarative memory in humans and on spatial mapping in rodents have been pursued largely separately, but recently interest has grown in merging these literatures. Declarative Memory View In our extension of the initial description of a selective role of the hippocampal system in declarative memory (Cohen and Squire, 1980) , we advanced the idea that the hippocampus supports declarative memory by providing a general relational processing mechanism, across species and across the different tasks, modalities, and domains tested (Cohen and Eichenbaum, 1993) . In our view, the hippocampus enables relational representations that bind in memory the elements of experiences and links memories via their common elements, composing a ''memory space'' Konkel and Cohen, 2009) . By rapidly forming associations among any subset of its inputs, and between its inputs and reactivated relational memories, the hippocampus plays a critical role in the generation, recombination, and flexible use of information of all kinds. The representational schemes that underlie relational processing of ongoing experiences are: (1) the representation of events as the relations among objects within the context in which they occur, (2) the representation of episodes as the flow of events across time, and (3) the interleaving of events and episodes into relational networks, supporting the ability to draw novel inferences from memory ( Figure 2A ; Eichenbaum, 2004) .
Spatial Navigation View
The original account of O' Keefe and Nadel (1978) proposed that the hippocampus supports a cognitive map composed as a Euclidian coordinate space dedicated to allocentric (external world referenced) physical space where place cells identify one's location of occupancy within the map. Considerable data following this proposal showed that place cells are not well described as signaling coordinates within a unified spatial map-most place cells are independently controlled by subsets of cues (O'Keefe and Burgess, 1996; Gothard et al., 1996; Shapiro et al., 1997) -and place cells encode much more than spatial coordinates, including a broad range of stimulus events and behavioral actions (e.g., Wood et al., 1999; reviewed in Eichenbaum et al., 1999) . In the ensuing years, few studies have pursued the original cognitive mapping hypothesis per se. However, following discoveries of additional spatial coding in the neighboring entorhinal cortex and elsewhere, there has been a resurgence of a narrower version of this view that focuses on navigation through physical space (Hartley et al., 2014) . For many investigators, path integration by self-motion cues is the fundamental mechanism by which maps are created and position is updated (McNaughton et al., 2006; Burgess et al., 2007) . The new view incorporates the larger set of spatial correlates of neural activity found in the hippocampal region (in addition to place cells, there are now grid cells, head direction cells, boundary cells) to support the claim of a spatial representation system (Moser et al., 2008) . Like the original view, this view maintains that the system is dedicated to allocentric space and does not support body-centered spatial reference, local spatial arrangements on a screen, or nonspatial organizations such as in temporal or semantic organization of memories (Hartley et al., 2014) .
What Is Wrong with the Spatial Navigation View? A full reconciliation of the declarative memory and spatial navigation views is not possible if hippocampal function is dedicated solely to spatial processing, as argued by any narrowly framed spatial navigation view. So, it is useful here to evaluate the key tenets of such a view. We believe this examination strongly suggests that hippocampus contributes by supporting memory necessary for successful navigation rather than by performing navigational computations per se.
First, students of real-world navigation recognize that the ability to find our way normally takes advantage of a rich combination of information and includes a critical role for memory, including memories for the spatial layout of the environment, routes taken, and the origin and destination of a journey (Dudchenko, 2010; Huth, 2013; Wolbers and Hegarty, 2010) . Accordingly, it is difficult to empirically associate the hippocampus with spatial computations per se, as opposed to memory for the spatial parameters and events relevant to ongoing behavior in space.
Second, outside the hippocampus literature, path integration by self-motion cues is widely held to be the least useful method of navigation because of its inherent rapid accumulation of spatial error (Dudchenko, 2010; Huth, 2013) . Considerable evidence indicates that humans and animals have very limited capacity for path integration, barely supporting accurate movement over a few body lengths (Huth, 2013; Kim et al., 2013) . Notably, rats cannot employ path integration with sufficient accuracy to solve the Morris water maze problem, the paradigm commonly held as the benchmark of hippocampal spatial navigation function (Benhamou, 1997) . These observations call into question the extent to which path integration is relevant to how the hippocampus contributes to spatial navigation.
Third, the evidence that the hippocampus is essential for path integration is mixed, including studies showing intact spatial cognition in humans with hippocampal damage (Teng and Squire, 1999) , successful path integration following hippo- campal damage in animals (Alyan and McNaughton 1999) and humans (Kim et al., 2013) , and failure on the same task both when path integration is required and when it is not (Whishaw and Maaswinkel, 1998) . Consistent with descriptions of human navigation, in a review of the animal literature, Etienne and Jeffery (2004, p. 180) concluded that ''path integration exerts a functionally important control over navigation only as long as the animal can combine it with learned strategies and/or spatial cues from a familiar environment,'' and many studies have confirmed that environmental cues readily overrule self-motion information (reviewed in Navratilova and McNaughton, 2014) . Furthermore, evidence is building that the creation and updating of spatial representations in the hippocampus do not require path integration inputs from the medial entorhinal cortex (whose ''grid cells'' figure prominently in many theories), calling into question current navigation models that depend on this functional circuitry (Brandon et al., 2014) .
Fourth, the empirical evidence for neuronal calculations within the hippocampal region supporting path integration is based largely on observations that place fields are dependent on selfmotion (Foster et al., 1989) and are briefly stable when dominant environmental cues are removed (O'Keefe and Speakman, 1987; Muller and Kubie, 1987 ; also observed in adjacent entorhinal cortex; Hafting et al., 2005) . These observations are interpreted as reflecting online processing of internally generated movement of information used to update the place representations (McNaughton et al., , 2006 . However, while these observations show that the hippocampus represents a variety of spatial signals when relevant, they do not imply either that the hippocampus is dedicated to representing movement generated spatial representations or that online spatial calculations are necessarily performed within the hippocampus. Thus, when animals are not moving, the engagement of the hippocampus in processing both nonspatial and spatial information is readily observed. When animals are immobilized, hippocampal neurons prominently encode nonspatial events (Berger et al., 1983; MacDonald et al., 2013; Naya and Suzuki, 2011) and when animals are still following movement to locations where salient events occur, hippocampal neurons are driven by specific events in particular places (e.g., Moita et al., 2003; Komorowski et al., 2009; Itskov et al., 2011) . Furthermore, the relevant spatial calculations that occur online during movement may well be performed at earlier stages of cortical processing that provide inputs to the hippocampal system, e.g., parietal cortex (Harvey et al., 2012; Nitz, 2012) . Indeed, a recent review acknowledges, ''.there is in fact no evidence that the actual computation of trajectories or routes takes place [in the hippocampal system]'' (Navratilova and McNaughton, 2014, p. 195) . Confirming that a hippocampal contribution to navigation does not require movement, Spiers and Maguire (2006) reported that the hippocampus is activated only during the initial planning of a route (which, of course, includes a strong demand for memory) and not during its execution.
Fifth, prominent models of navigation do not actually rely on calculations of vector summation that define path integration. Instead, they are based on neural coding mechanisms and associative networks that just as easily support a general role in memory (Hasselmo, 2012; Buzsá ki and Moser, 2013) . The combination of these issues cast doubt that the hippocampus contributes in a special way to spatial navigation beyond its role in memory.
So, How Can the Memory and Spatial Views Be Reconciled?
Since the outset of our work on declarative memory, we proposed that it is fundamentally a relational processing system, which applies well to the domain of spatial memory, and we have emphasized the role of the hippocampal system in encoding events as a relational mapping of objects and actions within spatial contexts, representing routes as episodes defined by sequences of places traversed, and relating spatial episodes to existing semantic maps of space that can support navigation via novel route construction (Cohen and Eichenbaum, 1993; Eichenbaum, 2004 ; Figure 2B ). Recently, other efforts that consider how the same hippocampal circuitry can be applied to support both memory and navigation echo this perspective and extend the evidence supporting the characteristics of relational memory.
Following on the idea that events are represented as items in spatial context, Maguire and Mullally (2013) argued that the hippocampus constructs spatially coherent scenes (which, notably, are egocentric, rather than the allocentric representations envisioned by O'Keefe and Nadel). Following on the idea that episodes are encoded as sequences of events, Maguire and Mullally (2013) added that scene representations can be elaborated with temporal or other information to support the full experience of episodic memory. From the perspective of hippocampal circuitry, Hasselmo (2012) argued that the behavioral dynamics of episodic memory can be characterized as spatiotemporal trajectories ''not limited to the dimensions of physical time and space'' (p. 15). Similarly, Buzsá ki and Moser (2013) likened hippocampal coding of routes to episodic memories that also flow in time.
Expanding on the idea that memory networks are composed from the integration of episodes, Buzsá ki and Moser (2013) also likened the integration of multiple routes into cognitive maps to the integration of episodic memories into semantic networks. Similar to the idea that these relational networks form a ''memory space'' , Milivojevic and Doeller (2013) proposed that the memory and spatial functions of the hippocampus have in common are the creation of mental maps that can be organized in space, time, and conceptual dimensions. Each of these recent considerations is a welcome extension of our relational memory account, providing useful clarifications about how to reconcile a declarative memory view with cognitive mapping views that do not focus exclusively on spatial navigation.
New Experimental Evidence Supporting Our Theoretical Ideas about Hippocampal Processing of Events, Episodes, and Relational Networks
The memory and spatial functions of the hippocampus can be reconciled by extending hippocampal function beyond navigation in allocentric space to the organization of events in spatial contexts, to nonspatial organizations including time and more, and to the larger sense of ''navigation'' through a memory space. Here we offer a selection of prominent recent examples that support this view.
Events Are Represented as Objects Organized in Context
In animals as well as humans, the hippocampus is essential to recalling objects in the context in which they were studied. For example, rats with hippocampal damage can recognize familiar objects in the spatial context in which they were experienced but fail to recognize familiar objects misplaced in context or in a new context (Eacott and Norman, 2004; Langston and Wood, 2010) . Similarly, in the nonspatial domain, rats with hippocampal damage are impaired in remembering objects in the context of a current list, even as they retain a sense of familiarity with the objects (Fortin et al., 2004) . Correspondingly, considerable recent evidence indicates that place cells reflect the substrates of the spatial organization of memories, consistent with the original cognitive mapping view, albeit applying to both allocentric space (in rats) and spatial arrangements on a computer screen (in humans). Several studies have shown that, as rats learn about specific objects, the representations of those objects are overlaid onto spatial firing patterns such that place cells become specialized to activate while objects are experienced at specific locations (e.g., Moita et al., 2003; Komorowski et al., 2009; Itskov et al., 2011 Itskov et al., , 2012 .
In parallel, recent studies on human memory implicate a key role for the hippocampus in remembering the locations of objects in spatial scenes. Thus, normal individuals disproportionately scan locations where objects were moved from their originally seen locations in a scene, whereas individuals with hippocampal damage fail to show the normal object-location memory by preferential viewing (Ryan et al., 2000) . Correspondingly, neurologically intact participants showed activation of the hippocampus that predicted subsequent successful object-location memory (Hannula and Ranganath, 2009 ). In another study, Watson et al. (2013) found that hippocampal damage elicited disproportionate impairment in swapping the locations of objects while remembering their previously studied positions in a scene. Notably, hippocampal damage did not produce disproportionate error rates on geometric measures involving coordinates, distances, and angles among the objects, inconsistent with the spatial navigation view. In none of these behavioral paradigms is there navigation by body movement through allocentric space; rather, performance requires simply shifting gaze to easily visualized targets arranged on a screen.
Episodes Are Represented as Sequences of Events Organized in Temporal Context
Beyond spatial context, there is now considerable evidence that memories are represented within the broad temporal context of an entire experience. For example, when rats traverse overlapping routes through a maze, hippocampal place cells fire very differently depending upon the origin and destination of the overall route as much as, or more so, than by the current specific location of the rat within the maze (e.g., Wood et al., 2000; Frank et al., 2000; reviewed in Shapiro et al., 2006) . Particularly impressive is that the context of a route can be defined not only by spatial information (origin and destination) but also by motivational cues, such as hunger or thirst (Kennedy and Shapiro, 2009) . A large variety of studies on humans have shown that memory for temporal context is dependent on the hippocampus (e.g., Konkel et al., 2008) and that the hippocampus is activated when events must be recalled in order or within temporal context (reviewed in Eichenbaum, 2013) .
Furthermore, recent evidence indicates that representations of temporally extended episodes are mediated directly by hippocampal representations of time and order independent of place in humans and animals (Eichenbaum, 2013 ). An early study showed that activity patterns of hippocampal neural ensembles gradually change while rats sampled sequences of odors, and this continuous context signal predicted success in remembering the odor sequence (Manns et al., 2007) . Confirming these findings in humans, it was recently reported that pattern similarity in hippocampal activation signaled temporal proximity of successively viewed objects and this signal was correlated with order memory (Ezzyat and Davachi, 2014) .
In addition, several other studies using a range of behavioral tasks have now identified hippocampal principal neurons that fire at a particular moment in time of a temporally structured event, composing temporal maps of specific experiences (Eichenbaum, 2013) . Because the properties of these neurons parallel those of place cells, we called these neurons ''time cells.'' Time cells are under the control of temporal cues, such as the beginning and end of episodes, and the temporal structure (duration) of the period, much as place cells are under the control of spatial landmarks and the shape of an environment (MacDonald et al., 2011) . Furthermore, time cell patterns are specific to distinct memories and predict memory performance (MacDonald et al., 2013) . Confirming the specificity of temporal organization of event memories found in humans, it was recently reported that pattern similarity in hippocampal activation signaled the combination of object and temporal context information in sequence learning (Hsieh et al., 2014) . The existence of time cells offers a parallel temporal organizing mechanism to the spatial organizing mechanism offered by place cells, supporting our notion that the hippocampus represents episodes by mapping events within a framework of time as well as space. Tse et al. (2007) showed that when rats learn to find specific food flavors in particular places in an open field, they develop an organized representation of the spatial relations among the objects in a particular environment and rely on the hippocampus for rapid assimilation of new flavor-place associations within the relational representation. Relating these findings to place cells, McKenzie et al. (2013) reported that hippocampal neurons encode multiple reward locations and rapidly assimilate and reorganize the overall network representation to incorporate new reward locations. In a more ambitious study in which rats learned multiple context-dependent object-reward associations, McKenzie et al. (2014) characterized the neural ensemble representations as a hierarchy of relations among event dimensions, including the identity of the objects, their reward assignments, the positions within a context in which they were experienced, and the context in which they occurred. Furthermore, after initial learning of one set of object associations, new object associations were rapidly assimilated into the relational structure that was established by initial learning. In addition, within the overall representation, items that had in common their reward associations in particular positions had strongly similar representations, even when they were never experienced together. This aspect of relational representations probably underlies the essential role of the hippocampus in the capacity for transitive inferences between indirectly related items in hierarchical (Bunsey and Eichenbaum, 1996) and associative (Dusek and Eichenbaum, 1997 ) memory networks in animals.
Relational Networks Link Related Events and Episodes and Support Flexible, Inferential Memory across Spatial and Nonspatial Dimensions
In studies on relational networks in humans (similar to the transitive inference studies in animals cited just above), Zeithamova et al. (2012) trained subjects on overlapping pairwise object associations (e.g., AB and BC) from which they can make inferences between indirectly related elements (AC). They found that the learning of the second, overlapping pair (BC) can reinstate the hippocampal representation of the earlier learned pair (AB), a content-specific hippocampal activation that predicted subsequent success on the inferential judgment. It is notable that the relational network in this paradigm (as used in rats as well) is organized neither by space nor time but simply by associative links among the elements. More generally, other recent studies have shown that the hippocampus plays a critical role in the generation, recombination, and flexible use of information of all kinds, as revealed by deficits in patients with damage to the hippocampus in tasks across areas as diverse as exploration, imagination, creativity, decision making, character judgments, empathy, social discourse, and language use (e.g., Duff et al., 2009 Duff et al., , 2013 .
Conclusions
A central feature of the spatial navigation view, as well as the original cognitive mapping hypothesis, is that the hippocampal system is dedicated to spatial representations. It should be clear from the above discussion that hippocampus encodes a broad range of nonspatial information including all manner of specific objects, behaviors, and events. Furthermore, in addition to both allocentric and egocentric spatial organizations, the hippocampus employs nonspatial organizations, including temporal organization and associative networks. The notion of the hippocampal system as dedicated to space and navigation can only be viewed as a metaphor of its role in a ''memory space'' (Figure 1) .
For one potentially useful way to think about the historical disconnect between the studies on humans that emphasize nonspatial relations among elements of memories and studies on animals that emphasize the representation of spatial organization, consider the context-guided object association task mentioned above (McKenzie et al., 2014) . In the hierarchy of representational dimensions encoded by the hippocampus in rats solving this task, spatial dimensions were represented at the top of the hierarchy, whereas representations of object features were embedded at the bottom. Note that this particular behavioral paradigm contained both prominent spatial and nonspatial dimensions. However, most studies of human memory focus on object features while holding space constant, whereas most studies on spatial navigation focus on spatial dimensions while eliminating or randomizing specific events that occur. Closing the gap between these differences in the designs of experimental protocols is likely to confirm the commonalities that we suggest in memory and cognitive mapping and, in doing so, lead to a more comprehensive understanding of the nature and organization of hippocampal information processing.
Our recent work in humans has helped to bridge the divide between rodent spatial navigation and human memory literatures by including the same requirements for the active use of memory in online processing as has been implicit in rodent navigation studies. Although above we have discussed navigation in the usual, purely spatial sense of moving from place to place, we would argue that the hippocampus plays a critical role in the broader challenge of navigating through life. Humans are active agents, engaging with our world and tailoring our behavior to meet current situational demands, by constantly encoding relations (spatial or otherwise), updating mental representations, and using that information in real time to guide upcoming actions and choices (see Wang et al., 2014; Yee et al., 2014) . We believe that additional emphasis in online (spatial and nonspatial) relational processing by the hippocampus in humans and animals will further facilitate a merging of currently divergent views of hippocampal function.
